We present aluminum nitride (AlN) on silicon (Si) CMOS-compatible piezoelectric micromachined ultrasonic transducers (pMUTs) with an extended detection range of up to 140 cm for touchless sensing applications. The reported performance surpasses the current state-of-art for AlN-based pMUTs in terms of the maximum range of detection using just a pair of pMUTs (as opposed to an array of pMUTs). The extended range of detection has been realized by using a larger diaphragm allowed by fabricating a thicker diaphragm than most other pMUTs reported to date. Using a pair of pMUTs, we experimentally demonstrate the capability of range-finding by correlating the time-of-flight (TOF) between the transmit (TX) and receive (RX) pulse. The results were obtained using an experimental setup where the MEMS chip was interconnected with a customized printed circuit board (PCB) using Al wire bonds.
Introduction
Piezoelectric micromachined ultrasonic transducers (pMUTs) have recently emerged as highly promising candidates for a range of practical applications that include fingerprint sensing, gesture recognition, range finding, non-destructive testing and medical imaging, due to their low power consumption and small form factor [1] . Compared to capacitive MUTs (cMUTs), the dynamic range of linear displacement of pMUTs is larger. This is because the capacitance of the transduction gap in cMUTs remains linear when the displacement is much smaller than the nominal gap. In the case of pMUTs, the displacement range of the diaphragm is not limited by a back plate as cavity is typically etched on the back plane of the diaphragm [2] . Piezoelectric materials that have been commonly used in pMUTs include lead zirconate titanate (PZT), zinc oxide (ZnO) and AlN [1] .
AlN-based pMUTs have been of increasing interest for range-finding applications compared to PZT and ZnO films owing to their CMOS-compatibility and maturity of deposition techniques [3] . AlN-based pMUTs have been fabricated based on an AlN-on-silicon oxide bilayer [4] , which results in a more compliant diaphragm compared to structures realized from stiffer substrates like silicon. These structures are limited to a detection range below 1 m (operating at 400 kHz). In this paper, with the aim of extending the maximum detectable range beyond the current state-of-art of 1 m, we have fabricated pMUTs based on an AlN-on-silicon (Si) bilayer that stiffens the diaphragm. As a proof of concept, we have designed a pair of square diaphragm pMUTs with side lengths of 2300 μm by 2300 μm fabricated on the same chip.
Device Implementation and Simulation
We performed finite element analysis (FEA) in COMSOL for our proposed device and evaluated the resonant frequency and total strain profile of the device using an eigenfrequency study as shown in Figure 1 . The proposed pMUT devices were fabricated using a standard AlN-on-Si fabrication process [5] . By fabricating the AlN transducer on a Si diaphragm, much thicker membranes can be realized compared to a membrane comprising AlN and silicon oxide (10 μm compared to 1 μm). The proposed pMUT diaphragm in this work comprises a thin 0.5 μm AlN film on a 10 μm-thick Si device layer as shown in Figure 2a . A thicker diaphragm allows for large lateral dimensions for a given resonant frequency, which ultimately increases the sensitivity of the pMUT. As shown in Figure 2b , our pMUT comprises a square diaphragm with 1 μm thick Al top electrodes along its clamped sides. The electrodes were used to either actuate the diaphragm (for the transmit mode) or to convert the incident pressure wave into an output current (for the receive mode). 
Device Characterization and Experimental Results

Electrical and Acoustic Characterization
The fabricated device was mounted on a custom-designed PCB using wire bonds to connect the contact pads of the MEMS device to the PCB tracks. We measured the frequency response of the acoustic pressure from the pMUTs by placing a ¼″ free-field microphone (Brüel & Kjaer 4954) 10 mm from the front surface of the diaphragm. Using a Zurich Instruments HFLI lock-in amplifier, the device was swept around its resonance with an excitation voltage of 0.5 V applied while the output from the microphone was measured. The result is depicted in Figure 3 , which shows that the resonance is around 33 kHz with a peak sound pressure output of 2 Pa. For comparison, [6] reported a peak sound pressure of less than 0.2 Pa despite having applied a higher excitation voltage of 3 V. 
Range-Detection Demonstration and Calibration
To demonstrate the capability of range-finding, one of the pMUTs on the chip was used to transmit (TX) an acoustic pulse while the other was used to receive (RX) the returning echo that has been reflected from a nearby obstacle placed at a calibrated distance from the pMUT. The rear side of the pMUT was used as the active side in the range-detection experiments. The RX pMUT was fed to a transimpedance amplifier to gain up the signal.
The input TX pulse comprised a sinewave at a carrier frequency of 29 kHz in periodic bursts with an obstacle placed away from the back cavity of the pMUTs. By measuring the time-of-flight (TOF) between the TX and RX echo pulse as shown in Figure 4 , the distance of an obstacle from the pMUT chip may thus be inferred. The TOF was measured as the difference between the start of the TX pulse (not shown here) and the beginning of the RX echo pulse. The beginning of the RX pulse was identified at the point when the Vpp of the RX signal just begins to be visibly larger than the Vpp of the noise. The TOF was measured with the obstacle placed at increasing distances (maximum 140 cm) from the pMUT chip to produce the linear calibration plot shown in Figure 5a . We have verified that the slope of the best fit line matches the speed of sound, demonstrating a match between theory and experiment. Figure 5b depicts the extracted signal-to-noise ratio (SNR) as a function of distance. The SNR was derived by dividing the measured maximum Vpp of each respective RX signal over the Vpp of the noise. For distances below 70 cm, the number of cycles in the burst input was reduced from 40 to 10 cycles to extend the lower bound of the range of detection. By reducing the number of cycles in a given burst, the burst period is shortened at the expense of a lower output sound pressure level as the burst ends before the oscillations of the pMUT reach steady state. As such, the SNR is reduced as a tradeoff for extending the lower limit of detection down to 40 cm. 
Conclusions
In this paper, we have designed and fabricated aluminum nitride on silicon square diaphragm piezoelectric micromachined ultrasonic transducer for touchless sensing applications. We have successfully demonstrated a wide detection range from 40-140 cm using a pair of square diaphragm AlN-pMUTs. The proposed device shows its potential to touchless sensing applications.
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